speed cinematography has shown that the laser technique renders precise measurement of the frequency of ciliary beating (13). The The effect of cystic fibrosis sera and sera was present paper reports on preliminary results obtained by laser investigated in 37 cultures of ciliated epithelium of the rabbit light-rattering spectroscopy in detecting and recording the effect trachea. Serum was introduced in the Rose culture chambers in a of CF and normal sera on the ciliary activity of cultures of ciliated concentration of 10% by volume. The frequency of ciliary beat was cells of rabbit trachea. monitored by laser light-scattering spectroscopy. The results show that the response of cilia to sera canbe well characterized by laser light scattering. Our preliminary evidence suggests that an early
increase in the frequency of ciliary beat, followed by rapid arrest of ciliary activity, is a sensitive and characteristic response pro- SERUM SAMPLES duced by cystic fibrosis serum, and not by normal serum.
Blood was collected from six C F patients attending the Cystic Fibrosis Clinic at the Children's Orthopedic Hospital in Seattle, Speculation
Washington. The criterion for inclusion was elevated sweat chloThe present work was aimed at demonstrating the feasibility of ride. None of the patients had asthma or other respiratory diseases. implementing an objective and quantifiable bioassay for cystic subjects were e m~l o~e d ' was drawn into fibrosis factor@). Laser light-scattering spectroscopy is applicable plain evacuated drawing tubes. The were to detection and quantification of ciliary activity. The method may 'lot and then stored in plastic tubes at 40 for hr' lead to improved bioassays for cystic fibrosis factor(s).
Coagulated blood samples were centrifuged in the cold and sera were then frozen and assayed within 7-10 days after collection. Several assays were also performed on a pool of samples of C F The observation that serum as well as other biologic fluids from serum that had been frozen and stored in plastic tubes for patients with cystic fibrosis (CF) can interfere with ciliary activity months. has attracted a great deal of interest. Ciliated cells are responsive to so-called C F factor(s) present in serum (2, 5, 7, 17) , urine (4), TISSUE CULTURES and saliva (9) . The establishment of an objective and quantifiable bioassay to detect the presence of ciliotoxic factor(s) would be a New Zealand White adult rabbits were stunned and their useful step toward substantiating the diagnosis of CF on a reliable tracheae rapidly removed. To ensure sterility, the whole trachea was camed through four dishes of sterile Hanks' culture medium biochemical or immunochemical basis. A common assumption (pH 7.3) at room temperature. In the first dish extraneous tissue has been that a quantifiable bioassay for cystic fibrosis, based on was trimmed off and the trachea was slit longitudinally. Several the effect of CF serum on ciliary activity, has already been developed. However, visual observation of cilia cannot be consid-small pieces were then sectioned from the trachea and rinsed in ered an objective and quantifiable method even if it has produced the second dish. In the third dish, pieces of mucosa approximately excellent results in some laboratories. Investigator bias can be 2 x 4 mm were dissected and incubated in 0.15% hyaluronidase in Hanks' medium for 30-40 min for removal of mucus. In the fourth reduced perfoorming the assay in a fashion' dish, pieces were cut to a smaller size, 1 mm or less, in fresh Nevertheless, the assay is inherently difficult and subjective partly Hanks, medium and placed in groups of six on the plastic bottom because one must attempt to visualize objects which are often cover slip of a Rose chamber. The explants were covered with an moving at frequencies greater than the critical flicker fusion 8-l_ pore polycarbonate sieve, which had been previously sterifrequency.
There are several sources of uncertainty which should be eval-lized and conditioned in tissue culture medium. The culture uated in order to assess the reliability of ciliary assays: 1) biological were "led with medium (Steinberger variability in the reactivity of the ciliated tissues arising from the modification) with 20% horse serum (pH 7.35) and incubated at 37". After 4-5 days the outgrowths of new ciliated cells that source of the tissue. the culturing method, the age of the cells, etc.; developed from the original explants have well synchromized 2) variability associated with the serum; Le., its int,rinsic biologic strength, storage procedures, handling methods, etc.; and 3) un-ciliary motion and can be used for the assays described here.
Details of the culturing technique have been published elsewhere certainties inherent in the assessment of ciliary activity. Without an objective and quantifiable method to measure and record (16 Laser light-scattering spectroscopy is based on analysis of the Laser light-scattering spectroscopy has recently been applied to spectrum of the intensity fluctuations of laser light reflected from measurement of ciliary activity (12) . Strict comparison with high-moving objects. This method has been applied in the study of 132 VERDUGO, HINDS, AND VINCENZI diffusional motion of macromolecules (lo), sperm motility (I), and bacterial movement (15) . The technique can also be applied to assess ciliary motion (12, 13) , thereby providing an objective and quantifiable basis for characterizing ciliary activity.
A safe low-power source of laser light should be used. When the laser beam is directed at a ciliated surface, the backscattered light reflected from the moving cilia exhibits fluctuations in intensity. This is due to both the precise frequency and coherency of the laser light and the movement of the reflecting cilia. The fluctuations of the backscattered light can be detected with a photomultiplier tube and the spectral structure of the resulting photocurrents can be assessed either by standard spectrum analysis or autocorrelation techniques. The autocorrelation function of the scattered light fluctuations produced by the periodic movement of a population of cilia is a damped cosine wave. The period of this wave is dependent upon the mean frequency of beating in the population of cilia and its damping rate is related to the distribution of frequencies of ciliary beat in the population (13) . The distribution of frequencies and the mean frequency of ciliary beat can also be assessed by spectrum analysis of the intensity fluctuations of the laser-scattered light. Spectrum analysis renders, in the frequency domain, the same information that the autocorrelation function renders in the time domain. Either one can be determined from the other by Fourier transformation.
In our experiments the cultures were first equilibrated in Hanks' solution, pH. 7.3, 37", for 30 min. The Rose chamber was then positioned on a Reichert inverted microscope modified for laserscattering spectroscopy (Fig. 1) . The attenuated beam of a He-Ne gas laser (Spectra Physics 124A) was focused on the cultured cells on an area approximately 5000 pm2, illuminating a population of about 2000 to 4000 cilia, depending on the density of ciliated cells. The scattered light was collected at an angle of 35" by the lens aperture system of the microscope and focused onto a pinhole in front of the cathode of a photomultiplier tube (RCA-C7164R). The size of the pinhole was about one coherent area in order to secure spatial correlation of the detected scattered light; thereby obtaining a better signal-to-noise ratio. Photocurrent fluctuations were analyzed by an autocorrelator (Saicor-Honeywell Model 43A) or by a Fourier fast transform digital spectrum analyzer (Nicolet Model 440A). A detailed description of the method can be found in the work of Lee and Verdugo (13) .
Spontaneous variations in the frequency of ciliary beating are commonly observed in epithelial cilia (1 I). Such variations were also found in our cultures. Clusters of ciliated cells to be used for serum assay were selected for stability of both the distribution of frequencies and the mean frequency of ciliary beat, since the more unstable these parameters the more difficult is the interpretation of the results (Fig. 2) . Groups of cells with incoherent modes of ciliary beat (as shown by a broad frequency distribution in the spectrogram) were not considered useful for this assay. Clusters of cilia which were unstable in the mean frequency of ciliary beat were also not considered useful (even if the distribution of frequency was narrow). Once a group of cells with reasonably stable performance for at least 20-30 min was found, 200 pl serum were injected into the culture chamber. Since our culture chamber contained 2 ml, the final volume ratio of serum to Hanks' solution was 1: 10 (10% by volume). Figure 2 shows two sets of spectrograms obtained by laser lightscattering spectroscopy. This figure illustrates the time course of typical effects of normal and C F serum on the frequency of ciliary beating in cultures of rabbit trachea. Over 35 min, normal serum produced some broadening of the fre,quency spectrum but only a slight decrease in the mean frequency. By contrast, CF serum
RESULTS
produced an early (4.5 min) increase in ciliary frequency followed by a decrease (12 min) and ciliary arrest.
Results obtained from 37 assays performed on 11 different serum samples show that both CF and normal serum may affect and eventually arrest ciliary activity (Table 1) . We observed a marked initial increase in ciliary beat frequency in 80% of the assays with CF sera. An increase but without a susequent decrease in ciliary frequency was produced in only one assay of a normal serum (8%), and in four assays of CF sera (16%). More often, CF sera resulted in a pattern of acceleration followed by rapid arrest of ciliary activity (e.g., Fig. 2 ). This pattern was observed in 64% of the assays of CF serum, but was not observed in any of the assays of normal serum. The only case in which this pattern was not recorded with reputed C F serum (CF-0270503, Table 1 ) was in five assays performed on the serum of a 23-year-old subject, who had no abnormality but a positive sweat chloride test. Normal serum produced arrest of ciliary activity within the first 35 min in 2 of 12 assays (16.6%). In nine others, ciliary activity either decreased slightly or continued at control rates for more than 1 hr after injection of the normal serum (75%).
No systematic difference in the frequency distribution of ciliary beat was apparent in response to sera. Thus, both normal and CF serum can produce frequency incoherence. As shown in Figure 2 , the range of the frequency distribution can increase transiently under the influence of either normal or CF serum, and secondary peaks can become apparent in the spectrum. On the contrary, when there is a dominant mode of frequency of ciliary beat the spectrogram shows a peak with a certain distribution around a mean frequency. The more coherent the frequency of ciliary beat the narrower this distribution. The time after injection of serum into the culture chambei is indicated in each spectrogram. Note the marked increase followed by a rapid decrease of the frequency of ciliary beat induced by C F serum.
T E M P E R A T U R E
Although we have not quantified the observation, it was noted should be taken in selecting clusters of stable as well as responsive that newly formed outgrowths of ciliated cells seem to be more cells. responsive to CF serum than the original explants of ciliated cells. Under exposure to CF serum, while most of the original explants DISCUSSION were still beating at control rate, many groups of younger cells have completed a cycle of acceleration and ciliary arrest. On the The beat frequency of a collection of cilia, as measured by laser other hand, it appears that the younger the cells, the more unstable light-scattering spectroscopy, can be characterized by a mean the frequency and coherency of their ciliary beat. Thus, care value and a certain distribution around the mean. We have ' T h e effect o f C F a n d o f normal sera on ciliary activity in cultures o f ciliated epithelia o f t h e rabbit trachea was monitored for 35 min. F o u r patterns o f reaction were tabulated depending on t h e presence o r absence of an early increase of t h e frequency o f ciliary beat, a n d on whether or n o t arrest of ciliary activity w a s observed.
investigated the effect of a small number of normal and CF sera upon these two parameters of ciliary activity. Thus, this report is one of the first attempts to provide an objective basis for a biologic test that, since its introduction by Spock et al. in 1967 (17), has been based on visual observation. Although the definition of dyskinesia as a "disorganized ciliary beat" may have a specific meaning for a visual pattern of ciliary beat, it cannot be defined in a physical parametric form. Indeed, both frequency and phase incoherencies can produce visual patterns of "dyskinetic" ciliary activity. Physically, however, these two parameters are quite different. Laser light scattering does not yield information regarding phase coherency. For this reason, our measurements of mean frequency and frequency distribution of ciliary beat do not have a strict counterpart in what has been reported as "dyskinesia."
Our preliminary evidence suggests that inhibition and cessation of ciliary activity is a sensitive but nonspecific criterion with which to identify CF serum. On the other hand, a less sensitive but more characteristic response pattern produced by C F serum (and not by normal serum) is early acceleration followed by rapid arrest of ciliary beat. This is in good agreement with the observations of Wilson et al. (19) . We have not yet examined sera of CF carriers. Such assays would help to clarify the possible specificity and usefulness of the technique for identification of CF and its carrier state.
High-speed cinematography has recently been used to evaluate the effect of CF serum on ciliary motion (6) . Cinematography is a very precise method to characterize ciliary activity. In fact, this method was used as a standard for establishing the validity of laser light-scattering spectroscopy (12, 13) . However, our results do not agree with those obtained by Cheung and Jahn (6) using cinematography. Neither do our results agree with their suggestion that C F sera have no effect on the beat pattern of the respiratory cilia. Differences in handling the sera or the tracheal explants could perhaps account for these different results. Evaluation of the effect of CF sera on ciliary activity is complex and more work is needed.
Recent observations indicate that EGTA can abolish the dyskinetic reaction induced by CF serum. Moreover, normal serum containing the calcium ionophore, A23 187, can mimic the effect of CF serum (3). We recently observed that when the ionophore A23 187 is injected into a tracheal culture, a pattern characterized by a rapid increase in the frequency of ciliary beat followed by ciliary arrest was observed (18) . Such observations may be interpreted to mean that CF factor(s) specifically or nonspecifically short-circuit the cell membrane to Ca2+ (3,8) . The role of calcium in the regulation of ciliary activity in mammalians is being elucidated (14, 18) . The present data, as well as our recent observations (18) , are compatible with but do not prove the interpretation put forth by Conover et al. (8) and Bogart et al. (3) to explain the mechanism of action of CF factor(s).
The value of the present work does not lie in the weight of the reported data, since they are strictly preliminary. The results appear to demonstrate the feasibility of an objective and quantifiable method to evaluate the effect of CF serum on ciliary activity. The laser light-scattering technique is one of the simplest, most accurate, and reproducible methods for measuring the frequency of ciliary beat. We suggest that this technique should be considered as a possible basis for an objective and quantifiable bioassay for CF factor(s).
